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 PVP and methanol load had inﬂuence in size and oxidation state of Rh NPs.
 Size and oxidation state of the Rh NPs showed a signiﬁcant inﬂuence on activity.
 The lower Rhn+/Rh0 ratios led to the higher activity values.
 The crossed effect of size and Rhn+/Rh0 ratio showed inﬂuence on selectivity.a r t i c l e i n f o
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Unsupported size-controlled Rh nanoparticles of different size and oxidation state were tested as cata-
lysts models in aqueous phase hydrodechlorination (303–318 K, 1 atm) using 4-chlorophenol (4-CP) as
target compound. A chemical reduction method was employed for the synthesis of the nanoparticles
using methanol and poly(N-vinyl-2-pyrrolidone) (PVP) as reducing and capping agent, respectively.
The size of Rh nanoparticles was in a narrow range (1.9–4.9 nm) whereas Rhn+/Rh0 ratio values were
found within a wide range (0.56–3.89).
High 4-CP conversion values (c.a. 100%) were achieved at low Rh concentration (2.45  103 g L1).
Phenol, cyclohexanone, cyclohexanol and traces of cyclohexane were identiﬁed as reaction products. A
wide range of activity values (1.7–29.4 mmol g1 min1) were obtained, being equivalent to the mea-
sured in a previous work with unsupported Pd nanoparticles, in spite of the fact that Rh supported cat-
alysts have generally been reported as less active than Pd ones in liquid phase hydrodechlorination. As
the size of Rh nanoparticles decreased the activity increased reaching a maximum at 2.8 nm, lower size
values leading to a signiﬁcant decrease of activity. A remarkable dependence of activity on the Rhn+/Rh0
ratio was found, thus a higher activity corresponded to a higher relative amount of zero-valent Rh in the
nanoparticles samples. Regression models were developed in order to address the signiﬁcance of nano-
particles size and oxidation state for the prediction of selectivity to cyclohexanone and cyclohexanol at
varying reaction times. A crossed effect of particle size and Rhn+/Rh0 ratio was identiﬁed as a signiﬁcant
factor inﬂuencing the selectivity.
 2013 Elsevier B.V. All rights reserved.1. Introduction
Liquid phase catalytic hydrodechlorination (HDC) is considered
as a feasible alternative to treat wastewater bearing chlorophenolic
compounds [1,2]. This type of xenobiotic compounds are toxic and
carcinogenic [3,4] and have no natural ways of remediation, so
chlorophenols persist in the environment and can produce bothadverse ecological effects and severe impacts on public health
[5]. The main advantages of HDC compared to other techniques
of potential application have been reported in the literature
[6–8] and can be summarized in the ability to treat a wide range
of concentrations, the operation at mild conditions and the low re-
agents demand. Moreover, HDC shows a high selectivity towards
less toxic by-products that could be recoverable, when waste val-
orization is possible, or safely delivered to a further biological
treatment.
In spite of its high cost, Rh has been used in catalysis, it has been
used for decades due to its exceptional features useful in a diver-
sity of chemical reactions. Particularly, Rh has shown high catalytic
Nomenclature
a catalytic activity (mmol/gcat min)
C4-cp 4-CP molar concentration (mmol/L)
Cph phenol molar concentration (mmol/L)
Cc-one cyclohexanone molar concentration (mmol/L)
Cc-ol cyclohexanol molar concentration (mmol/L)
CRh Rh nanoparticles concentration (g/L)
ds surface-area-weighted average mean diameter (nm)
kx rate constant (min1)
-r4-cp 4-CP conversion rate (mmol/L min)
rph phenol conversion rate (mmol/L min)
rc-one cyclohexanone conversion rate (mmol/L min)
rc-ol cyclohexanol conversion rate (mmol/L min)
Sc-one selectivity towards cyclohexanone
Sc-ol selectivity towards cyclohexanol
Si selectivity towards compound i (%), deﬁned as moles of
compound i per mole of 4-CP converted
Sph selectivity towards phenol
t reaction time (min)
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and HDC reactions [9–11]. Rh has also a higher melting point than
other active metals used in catalysis and exhibits high resistance to
acid and base attack, so Rh-based catalysts can be singularly stable,
even under severe reaction conditions [9]. An adequate study of
the factors affecting the catalytic performances of the active phase,
i.e. particle size, shape, oxidation state, interaction with the sup-
port [12,13], is needed to acquire an in-depth knowledge on each
individual contribution and the possible interrelations between
factors in structure-sensitive reactions.
Singularly, the particle size of the metallic phase is a key vari-
able regarding the performance of the catalysts in structure-
sensitive reactions. A number of authors have reported that HDC
is a structure-sensitive reaction [14–16], but there is no general
agreement on this point [17]. In general, it is accepted that a higher
surface-to-volume ratio, associated to a lower nanoparticle size of
the active phase, increases the catalytic activity, although some
limit has been reported for this effect [16,18]. Furthermore, varia-
tions in size could change the adsorption energies and provoke
quite different effects, from the poisoning of the catalyst to the
activation of the substrate, according to the nature of the mole-
cule-particle surface adsorption [19]. The oxidation state of metal
nanoparticles has also been claimed as an important factor inﬂu-
encing catalytic activity in structure-sensitive reactions and some
authors have linked it to particle size [13], but there is no conclu-
sive agreement on whether there is a direct or inverse relationship
between size and the relative amount of electrodeﬁcient species
[13,20], and therefore, further research is needed.
In spite of the inﬂuence of metal particle size on the activity, the
catalysts commonly used in structure-sensitive reactions are not
prepared with an accurate control of that feature. In the last few
years, the methods of synthesis that allow obtaining nanoparticles
in a narrow range of size have attracted much attention enabling
the investigation on chemical and physical size-dependent proper-
ties. Thus, the studies on the preparation and application in nano-
sized catalysts have increased signiﬁcantly [21]. Different methods
of synthesis addressed to obtain size-controlled nanoparticles have
been reported [22–24]. Among them, chemical reduction has been
frequently used due to its simple mechanism consisting on the
reduction of a metal salt with a reducing agent (e.g. alcohols,
potassium borohydride), using a capping agent (e.g. poly(N-vinyl-
2-pyrrolidone), polivinyl alcohol, dodecylamine) in order to pre-
vent undesired particle growth and aggregation. A number of
authors have prepared colloidal Rh nanoparticles of controlled size
using a chemical reduction method to test their behavior as cata-
lysts in different reactions [9,25–27]. However, the dependence
of activity on the particle size is so far not clear in HDC, where
Rh-based catalysts have shown highly active [11,28].
Therefore, the objective of the current work is to address the
effect of both initial size and oxidation state of unsupported Rh
nanoparticles, used as catalysts models, on the activity andselectivity in 4-CP HDC in aqueous phase in order to gain an in-
depth knowledge that could be useful for catalysts design. On the
other hand, a direct comparison between the Rh nanoparticles syn-
thesized in this work and those of Pd reported in our previous one
[20] can provide a better understanding of the different behavior of
both metals.2. Experimental
2.1. Materials
Rh(III) chloride (98%, Sigma Aldrich Co.) was used as precursor
salt to synthesize Rh nanoparticles. Methanol (99.5%, Panreac
Quimica S.A.U.) was used as reducing agent and poly(N-vinyl-2-
pyrrolidone) (PVP, average molecular weight: 40.000, Sigma–
Aldrich Co.) was used as capping agent. Hydrogen (>99%, Praxair
Spain, S.L.) was used to carry out catalytic HDC and for reducing
Rh nanoparticles (sample 1 to sample 1R). NaHCO3 (99.7%, Merck,
GmbH) and Na2CO3 (99.8%, Panreac Quimica, S.A.U) were used to
prepare a carbonate-bicarbonate buffer for the HDC runs at basic
pH (10.4). All the reagents were used as received without previous
puriﬁcation.2.2. Synthesis and characterization of Rh nanoparticles
A 2  103 M Rh aqueous solution (pale pink color) was obtained
bymixing RhCl3 (0.5 mmol), HCl (1 mmol) and distilled water up to
a ﬁnal volume of 250 mL. An aliquot of 30 mL of the acidic
2  103 M Rh solution and 70 mL of methanol/water solution and
PVP were mixed to obtain the colloidal synthesis of Rh nanoparti-
cles. The mixture was reﬂuxed in a ﬂask connected to a Liebig con-
denser for 5 h at 363 K under atmospheric pressure. In the case of
the samples of nanoparticles prepared with the lowest concentra-
tion of methanol (10%, v/v), it was necessary to increase the tem-
perature from 363 to 368 K in order to achieve complete
reduction of Rh. The colloidal suspension of nanoparticles
(100 mL) was concentrated up to a ﬁnal volume of approximately
10 mL in a rotary evaporator (Büchi). The synthesis of sample 1R
was performed by reducing sample 1 under hydrogen ﬂow
(50 N mL min1) at 363 K during 30 min. Different values of PVP/
Rh ratio (5–35 mol/mol) and methanol concentration (10–40%, v/
v) were used in the synthesis with the aim of obtaining Rh nano-
particles samples of different sizes and Rhn+/Rh0 ratios. Table 1
summarizes the working conditions used for the synthesis of nano-
particles and the corresponding nomenclature.
The size of Rh nanoparticles was measured by transmission
electron microscopy (TEM) and X-ray photoelectron spectroscopy
(XPS) was used to determine the Rhn+/Rh0 ratio. TEM micrographs
were obtained in a JEM-3000F + XEDS microscope at 300 kV (JEOL).
ImageJ 1.44i software was used for data treatment of digital TEM
Table 1
Mean particle size (ds), size distribution (rs), Rhn+/Rh0 ratio and activity (a) of the Rh nanoparticles synthesized under different conditions.
Rh nanoparticles samples Synthesis temperature (K) Vol methanol (%) PVP/Rh (mol/mol) ds (nm) rs (nm) Rhn+/Rh0 molar ratio a (mmol/gcatmin)
1 368 10 5 1.9 0.6 3.89 1.7
1Ra 363 10 5 2.3 0.6 0.74 20.2
2 368 10 20 4.9 2.6 1.72 4.7
3 368 10 35 3.9 0.7 1.02 11.7
4 363 25 5 3.2 0.8 1.14 10.6
5 363 25 20 2.8 0.6 0.56 29.4
6 363 25 35 2.9 0.5 0.60 22.4
7 363 40 5 3.0 0.7 0.72 16.0
8 363 40 20 2.3 0.7 0.67 24.3
9 363 40 35 2.9 0.7 0.65 19.7
a Obtained from reduction of sample 1 under hydrogen ﬂow at 363 K.
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Surface-area-weighted mean diameters and size distribution,
characterized by the standard deviation, were calculated as
described in a previous work [20].
XPS proﬁles were obtained in an ESCA 5701 spectrometer
equipped with a Mg Ka X-ray excitation source (1253.6 eV) (Phys-
ical Electronics). A probing depth of at least several nanometres
can be assumed. Thus, the Rhn+/Rh0 ratios obtained were ascribed
to the whole particles and not only to their surface. Spectra decon-
volutions were performed using Multipak v8.2b software in order
to determine both electrodeﬁcient and zero-valent species of the
Rh nanoparticles synthesized. Shirley background subtraction,
smoothing and mixed Gaussian–Lorentzian by a least-square
method curve ﬁtting were applied [20]. C 1s peak (284.8 eV) was
used as internal standard for binding energies corrections due to
sample charging. Doublet separation for Rh 3d was 4.74 eV as de-
scribed elsewhere [29]. Binding energies for Rh 3d5/2 of deconvo-
luted peaks were in the range of 306.3–306.9 eV and 308.1–
308.8 eV which can be ascribed to metallic or zero-valent (Rh0)
and electrodeﬁcient (Rhn+) Rh species, respectively. Those values
are in good agreement with those reported in NIST X-ray Photo-
electron Spectroscopy Database [29].
2.3. HDC experiments
HDC rus were performed in a three-necked jacketed glass reac-
tor equipped with a H2 supply. 150 mL of 4-CP aqueous solution
(100 mg L1) were placed in the reactor and H2 was continuously
passed at 50 NmL min1. The reaction was maintained for 4 h un-
der vigorous stirring (800 rpm) and the temperature (303–318 K)
was controlled by a thermostatic bath (Julabo). A cold trap at the
vent was used to check any possible stripping, but no signiﬁcant
stripping was detected. The catalyst concentration in the reaction
medium was 2.45  103 g L1 of Rh.
Reaction samples (1 mL) were ﬁltered (PTFE ﬁlter, pore size
0.45 lm) and analyzed by HPLC (Varian Prostar equipped with a
UV–VIS detector) using a C18 column as stationary phase and a
mixture of acetonitrile and water (1:1, v/v) as mobile phase. No
reaction progress was observed once the samples were ﬁltered
and collected.
Cyclohexanone and cyclohexanol were analyzed by Gas Chro-
matography with FID detector (GC 3900 Varian) using a 30 m
length and 0.25 mm internal diameter capillary column (CP-Wax
52 CB, Varian) and nitrogen as carrier gas. Cyclohexene was ana-
lyzed by Gas Chromatography with MS detector and an electron
impact ionization source (Saturn 2100T). This chromatograph
was equipped with a column Factor Four, Varian (30 m length,
0.25 mm internal diameter). In order to check the structural
assignment of the identiﬁed compounds, the NIST 05 library and
analytical standards were used. The quantiﬁcation of chloride ion
was performed by Ion Chromatography (Metrohm 790 PersonalIC). The carbon and chlorine balances matched always above 90%
and 95%, respectively.3. Results and discussion
3.1. Rh nanoparticles characterization
3.1.1. TEM characterization
Mean diameter and size distribution of Rh nanoparticles sam-
ples prepared using different PVP/Rh ratios and methanol concen-
trations are shown in Table 1. Though Pd and Rh are strongly
electropositive metals (E0P 0.7 V) [30], the Rh3+/Rh0 redox couple
(E0 = 0.76 V) is lower than the Pd2+/Pd0 one (E0 = 0.95 V), so it was
necessary to use higher temperature and time of synthesis for Rh
than for Pd [20]. As representative examples, TEM images and size
distribution histograms of three selected samples are depicted in
Fig. 1. Rh nanoparticles showed mostly pseudo-spherical shapes.
Moreover, the size of Rh nanoparticles samples synthesized was
in a narrow range within 1.9 to 4.9 nm, although different size dis-
tributions were obtained. Sample 1 showed a narrower size distri-
bution displaced towards lower values. Reduction of sample 1 with
hydrogen (sample 1R) led to some widening of the size distribu-
tion, probably due to a moderate sintering. A much wider distribu-
tion can be observed for sample 5 showing the important inﬂuence
of the synthesis conditions on nanoparticles size.
No signiﬁcant changes in size were observed by varying the
PVP/Rh ratio in the syntheses performed at 363 K with methanol
concentrations of 25% (ds = 2.8–3.2 nm) and 40% (ds = 2.3–
3.0 nm). On the contrary, the samples of nanoparticles synthesized
at 368 K using a 10% methanol concentration showed a wider
range of size (1.9–4.9 nm). In principle, this effect cannot be as-
cribed solely to methanol concentration since the working temper-
ature has been reported to affect to particle size [31]. In a previous
work [20] where Pd nanoparticles were synthesized in equivalent
conditions, a wider range of particle size (3.1–12.9 nm) was ob-
tained and different sizes were achieved by varying the methanol
concentration and the PVP/Rh ratio.3.2. XPS characterization
For the sake of determining the oxidation state of Rh nanopar-
ticles samples, XPS spectra were obtained. Table 1 shows the val-
ues obtained for the Rhn+/Rh0 ratio from the deconvolution of the
XPS Rh 3d region spectra. As can be observed, both Rhn+ and Rh0
species are present in all the Rh nanoparticles samples synthesized.
As representative examples, in Fig. 2 can be seen the deconvoluted
Rh 3d proﬁles for two selected Rh nanoparticles samples with ex-
treme values of the Rhn+/Rh0 ratio (3.89 and 0.56 for samples 1 and
5, respectively). Sample 1 consists mainly of electrodeﬁcient Rh
whereas the zero-valent species is dominant in sample 5.
Fig. 1. TEM images and size distribution histograms of three selected Rh nanoparticles samples: (a) sample 1, (b) sample 1R and (c) sample 5.
274 J.A. Baeza et al. / Chemical Engineering Journal 240 (2014) 271–280In Fig. 3, the Rhn+/Rh0 ratio is represented versus the mean
nanoparticle size. It can be observed that there is a relationship be-
tween both variables and the Rhn+/Rh0 ratio acquired minimum
values within the size range of around 2.3–3 nm. Although there
is no general agreement on this issue, these results are consistent
with the conclusions of some previous works in literature related
to Pd where a higher relative amount of zero-valent metal was
associated to a lower size of the Pd nanoparticles [20,32]. This fact
may be due to the higher surface-to-volume ratio of smaller parti-
cles, which allows a higher surface availability of reducing agent
per unit mass of nanoparticles. However, an exception can be ob-
served in the case of the nanoparticles of lowest mean size (sample
1; ds = 1.9 nm), where the Rhn+/Rh0 ratio showed the highest value.It has been reported that metal nanoparticles below 2.0–2.5 nm
have no band structure characteristic of bulk metals and are elec-
trodeﬁcient [19].
3.3. HDC experiments
The synthesis conditions described above allowed obtaining Rh
nanoparticles within a narrow range of sizes and a wide range of
Rhn+/Rh0 ratios. Control experiments of 4-CP HDC were carried
out at different PVP concentrations in the reaction medium in or-
der to check the possible reaction between 4-CP, H2 and PVP. Like-
wise, HDC experiments were carried out in the absence of
nanoparticles (catalyst). No reaction was detected in any of the
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Fig. 2. Deconvolved XPS spectra of Rh nanoparticles of samples 1 and 5.
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discarded. This fact is in good agreement with previous works inthe literature where it has been reported that the presence of
PVP in the reaction medium does not affect signiﬁcantly to the cat-
alytic activity of Pd nanoparticles [13,33]. On the other hand, dif-
ferent concentrations of catalyst and stirring rates were checked
in the experiments of 4-CP HDC in order to address that the process
takes place under chemical control. HDC rates per unit mass of cat-
alyst showed no signiﬁcant differences within the range of working
conditions tested.
3.3.1. Activity of Rh nanoparticles
The evolution of 4-CP conversion upon reaction time with
different Rh nanoparticles samples is represented in Fig. 4. With
the exception of samples 1 and 2 all the catalysts yielded high
conversion values in relatively short reaction times. In most cases
complete 4-CP conversion required no more than 1 h. Samples 1
and 2 which provided by far the poorest results showed extreme
values of size (1.9 and 4.9 nm, respectively) and the highest
values of the Rhn+/Rh0 ratio (3.89 and 1.72, respectively). Some
works on the inﬂuence of the oxidation state of Rh-based
catalysts on activity can be found in the literature dealing mainly
with oxidation reactions, where electrodeﬁcient Rh seems to play
a determining role in enhancing the activity [26,27,34]. The role
of Rh species has been analyzed also in NO2 decomposition
[35,36] and catalytic ignition of CH4 [37]. This issue has been
scarcely analyzed in hydrogenation reactions probably due to
the general assumption that zero-valent metal species is the only
active in that case. Nevertheless, some authors have reported the
active role of Rhn+ species in Rh-based catalysts used in the
hydrogenation of oleﬁnic and aromatic hydrocarbons [38–42].
To the best of our knowledge, there are no studies on the inﬂu-
ence of the oxidation state of Rh–based catalysts on their activity
in liquid phase HDC. With cabon-supported Pd catalysts it has
been reported in the literature [43] that both Pd0 and Pdn+ are re-
quired for the catalytic HDC and a maximum activity was found at
Pdn+/Pd0  1. In a previous work on HDC of 4-CP with Pd nanopar-
ticles [20] we found that the activity lowered as the Pdn+/Pd0 de-
creased within the 1.5–0.3 range.
A kinetic analysis was performed in order to calculate the activ-
ity of Rh NPs. A simple pseudo-ﬁrst order kinetic equation has been
used to describe the rate of 4-CP disappearance. Since hydrogen is
used in excess, its concentration was included into the pseudo-
ﬁrst-order rate constant (k1):
ðr4-cpÞ ¼ dC4-cpdt ¼ k1  C4-cp ð1Þ
t ¼ 0; C4-cp ¼ C0
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cyclohexanol versus reaction time for HDC experiments with samples 1 and 5 of Rh
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276 J.A. Baeza et al. / Chemical Engineering Journal 240 (2014) 271–280This simple equation served well in all cases to describe the
experimental concentration versus time values. From the ﬁtting
the values of k1 were obtained and the activity (a) of the Rh nano-
particles was calculated by:
A ¼ k1  C04cpCRh ð2Þ
The activity values for each Rh nanoparticles sample are col-
lected in Table 1. As can be observed, those values fall within a
wide a range (1.7–29.4 mmol g1 min1). They compare closely
compare with the obtained in our previous work on 4-CP HDC with
Pd nanoparticles [20]. This is an important conclusion since in the
case of supported catalysts Pd has been reported in general as more
active than Rh in HDC [11,28,44,45] although in some cases equiv-
alent activities have also been found [16].
Fig. 5 depicts the values of activity versus mean size of the Rh
nanoparticles. The highest values of activity corresponded to nano-
particles samples with sizes within the range of 2.3–3.0 nm, being
the maximum around 2.8 nm. That range also corresponds with
the lowest Rhn+/Rh0 ratios (0.56–0.72). Out of this range, the activ-
ity values decreased signiﬁcantly. Thus, the activity increased as
size decreased, reaching a maximum at 2.8 nm. From this datum,
the activity decreased. This can be explained for the higher pres-
ence of corner/edges in the nanoparticles of lower size, which
can act as catalytic active sites. Moreover, as the particle size de-
creases, there is a lower number of particles surrounding each sur-
face metal atom and that affects to the nature and strength of the
interaction between the Rh particles surface and the 4-CP mole-
cules [19]. Thus, changes in size are associated to changes in coor-
dination affecting to adsorption energy. Below a certain size (less
than 2.8 nm in the current work) the increase of adsorption energy
can favor poisoning of the catalyst.
Fig. 6 shows an important dependence of activity on the Rhn+/
Rh0 ratio. The activity becomes higher as the Rhn+/Rh0 ratio de-
creases, increasing dramatically for Rhn+/Rh0 ratios below c.a.
0.75; thus indicating the relevant role of Rh zero-valent species
in the range studied (0.56–3.89). To the best our knowledge, no
studies on the effect of Rh-based catalysts oxidation state on activ-
ity in aqueous phase HDC have been reported in the literature. This
trend is quite different from that obtained in our previous work
[20] when Pd NPs were used as catalysts in 4-CP HDC where an
optimum of Pdn+/Pd0 ratio close to 1 was found in a range from
0.39 to 2.79. Thus, the presence of Rh electrodeﬁcient species
seems to be less relevant than in the case of Pd NPs in 4-CP HDC.
Nevertheless, due to the limitations of the chemical reduction
method to reach the Rhn+/Rh0 ratios below 0.56, the possible0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0
5
10
15
20
25
30
Ac
tiv
ity
 (m
m
ol
/g
ca
t·m
in
)
Rhn+/Rh0 ratio
Fig. 6. Activity versus Rhn+/Rh0 ratio (solid squares: runs at uncontrolled pH; open
squares: runs at pH = 10.4).synergistic effect between Rh electrodeﬁcient and zerovalent spe-
cies could not be addressed.3.3.2. Selectivity of Rh nanoparticles
Differences in selectivity were found between the Rh nanopar-
ticles samples. Fig. 7 shows, as representative examples, the molar
concentrations of 4-CP and the reaction products, phenol, cyclo-
hexanone and cyclohexanol, versus time from the HDC experi-
ments performed with two selected nanoparticles samples
(samples 1 and 5). Cyclohexene was also identiﬁed but in very
low concentrations (less than 2 mg L1) when detected and was
not considered for the selectivity study. The occurrence of cyclo-
hexene can be ascribed to the dehydration of cyclohexanol by
the HCl generated upon HDC [46]. In the experiments with sample
1 of nanoparticles, phenol appears as 4-CP is converted. Cyclohex-
anone was ﬁrst detected at 15 min of reaction and cyclohexanol
only at the end of the reaction, being phenol the main by-productFig. 8. Reaction scheme proposed for liquid phase 4-CP HDC using Rh
nanoparticles.
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4-CP and hydrogenation of phenol were signiﬁcantly faster and
both compounds were almost converted at 60 and 120 min,
respectively. Cyclohexanone was detected at the same time than
phenol (around 5 min) and cyclohexanol appeared beyond
15 min. Once all the phenol was practically converted, cyclohexa-
none concentration started decreasing whereas cyclohexanol con-
tinuously increased along the reaction.
On the basis of these results, the reaction scheme of Fig. 8 is
proposed, where 4-CP HDC is converted to phenol in a ﬁrst step.
This can be clearly observed with those Rh samples of low activity
(i.e. sample 1) better than with the ones showing high activity
(sample 5, for example), where phenol and cyclohexanone simulta-
neously appeared at 5 min of reaction time due to the faster hydro-
genation of phenol. Cyclohexanone and cyclohexanol result from
hydrogenation of phenol while cyclohexanol is also produced from
cyclohexanone hydrogenation. This reaction scheme is in good
agreement with that proposed by Fujita et al. [47] for the hydroge-
nation of phenol using supported Rh catalysts. Other useful reac-
tion scheme has been proposed by Diaz et al. [11] for the HDC of
4-CP using alumina-supported Pd, Pt and Rh catalysts. This last
work proposed the direct hydrogenation of 4-CP to phenol and
cyclohexanone and the hydrogenation of phenol as the only path
to cyclohexanol.
The inﬂuence of the nanoparticles characteristics on the selec-
tivity towards reaction products was not as evident as the previ-
ously discussed for activity (Figs. 3 and 6). With the objective of
reaching a better understanding on the differences in selectivity,
second order regression models were developed in order to learn
on the inﬂuence of nanoparticle size and Rh oxidation state, as well
as the possible occurrence of some crossed effect between both
variables. The response function was given by:Si;t ¼ C þ b  Dþ d  Raþ e  D2 þ f  Ra2 þ g  D  Ra ð3Þ
where Si,t is the selectivity to product i at a t reaction time, C is a
constant and D and Ra are the coded variables for nanoparticle size
and Rhn+/Rh0 ratio, respectively. IBM SPSS Statistics v19 software
was used to perform regression, removing non signiﬁcant terms
for further model regression. A level of signiﬁcance to entry equal
or less than 0.05 and a level of signiﬁcance to remove equal or
more than 0.10 were the criteria used to include or exclude a given
term into the model. Table 2 summarizes the ANOVA results and
the coefﬁcients for the ﬁnal regression equations. In all cases,
the signiﬁcant effect inﬂuencing the selectivity was given by the
product of the size and Rhn+/Rh0 ratio, indicating the strong inter-
action between these two variables. An inverse relationship be-
tween the values of that product and those of selectivity
towards cyclohexanone and cyclohexanol was found. Thus, the
selectivity was higher for the runs were the combination of nano-
particle size and Rhn+/Rh0 ratio was lower. Moreover, as the reac-
tion time increased, the absolute values of the coefﬁcients of the
model increased as well, so the crossed-inﬂuence of size and Rh
oxidation state on selectivity becomes more pronounced as
reaction proceeds.Table 2
ANOVA and parameters values of the regression equations developed for selectivity.
Model Dependent variable Independent variable C
1 Sc-one,15 DRa 4
2 Sc-one,60 DRa 7
3 Sc-one,240 DRa 8
4 Sc-ol,15 DRa
5 Sc-ol,60 DRa 2
6 Sc-ol,240 DRa 3Fig. 9 shows the experimental selectivities towards phenol,
cyclohexanone and cyclohexanol versus 4-CP conversion. At low
conversion values of 4-CP, both disappearance of 4-CP and the
hydrogenation of phenol prevail with respect to cyclohexanone
formation. Some competition for the active sites between 4-CP
and phenol can be inferred from the sharp increase in cyclohexa-
none production once all 4-CP has been converted. In the same
way, the less favored reaction step seems to be hydrogenation
of cyclohexanone to cyclohexanol as a result of the competence
for active sites, since the conversion of cyclohexanol increased
substantially once both 4-CP and phenol were completely con-
verted. These trends in selectivity seem to be independent on
the nanoparticles size and structure, as can be seen from the
alignment of data from the experiments performed with different
nanoparticles samples. Two different behaviors were found for
Rhn+/Rh0 ratios values higher and lower than 1.7. The two sam-
ples with the highest Rhn+/Rh0 ratios (samples 1 and 2) showed
the highest selectivity towards phenol and the lowest selectivity
towards cyclohexanol, even negligible in one of the cases. Though
the samples with the Rhn+/Rh0 ratio in the range between 0.56
and 1.14 showed a more homogeneous behavior, some differ-
ences were found. In the Fig. 10 selectivity towards cyclohexanol
and the Rhn+/Rh0 ratio were plotted. A clear relationship can be
observed between the selectivity towards cyclohexanol and the
Rhn+/Rh0 ratio within the 0.56–0.72 range, which corresponds to
nanoparticles with size between 2.3 and 3.0 nm ratio. The point
at a Rhn+/Rh0 ratio of 0.74 corresponds to Rh nanoparticles
subjected to additional reduction (sample R1).g Value R2 F-value p-Value
3.49 5.14 0.82 36.89 <0.05
2.58 5.95 0.65 14.81 <0.05
5.17 7.06 0.78 28.17 <0.05
9.74 1.15 0.86 50.83 <0.05
1.55 2.70 0.92 86.13 <0.05
8.19 4.29 0.93 101.04 <0.05
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Fig. 10. Selectivity towards cyclohexanol versus Rhn+/Rh0 ratio after 4 h reaction.
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Fig. 11. Selectivity to phenol (squares), cyclohexanone (circles) and cyclohexanol
(triangles) versus time with sample 5 of nanoparticles in the HDC of 4-CP. Open
symbols: pH 10.4. Solid symbols: uncontrolled pH.
Table 3
Values of the rate constants for 4-CP HDC with sample 5 of Rh nanoparticles.
Reaction temperature (K) Rate constants (103) (min1) r2
303 K1 = 82 ± 13 0.984
K2 = 43 ± 9
K3 = 1 ± 0.7
K4 = 11 ± 5
308 K1 = 88 ± 10 0.992
K2 = 52 ± 7
K3 = 1 ± 0.6
K4 = 12 ± 4
318 K1 = 101 ± 14 0.992
K2 = 61 ± 9
K3 = 1 ± 0.5
K4 = 11 ± 4
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Three HDC runs were performed at controlled basic pH (10.4)
by using a carbonate-bicarbonate buffer in order to address possi-
ble changes in activity and/or selectivity. At this pH, 4-CP occurs
mainly as 4-chlorophenolate, given the pKa value of 4-CP (9.3).
Nanoparticles samples 1, 2 and 5 were selected as representative
due to their differences in size and Rhn+/Rh0 ratio. As was seen in
Fig. 6, activity increased as Rhn+/Rh0 ratio decreased, in both
uncontrolled and controlled (10.4) pH runs. The differences in
activity between the runs performed at pH 10.4 and uncontrolled
pH could be related with the different adsorption energy of 4-CP
and 4-chlorophenolate on Rh nanoparticles.
Differences on selectivity between 10.4 and uncontrolled pH
runs were also found. Fig. 11 shows, as representative example,
the selectivity to phenol, cyclohexanone and cyclohexanol versus
time with the sample 5 of nanoparticles. As can be observed, the
selectivity to phenol and cyclohexanone after the 4 h reaction time
was higher at pH 10.4, whereas selectivity to cyclohexanol is lower
than that found in the uncontrolled pH runs.0 50 100 150 200 250
0.0
0.2
Time (min)
Fig. 12. Molar concentration of (j) 4-CP, (s) phenol, (D) cyclohexanone and (.)
cyclohexanol versus reaction time for the 4-CP HDC runs with Rh sample 5 of
nanoparticles. Reaction temperature: (a) 303 K, (b) 308 K, (c) 313 K. Predicted data
in dashed lines.3.4. Kinetic analysis
From the scheme of Fig. 8, the following kinetic model is pro-
posed for the HDC process to gain insight into the issue. This model
is similar to that proposed by Fujita et al. [47] for the hydrogena-
tion of phenol using Rh-based catalysts, but including the step of
HDC of 4-CP to phenol.ðr4-cpÞ ¼ dC4-cpdt ¼ k1  C4-cpðrphÞ ¼ dCphdt ¼ k1  C4-cp  k2  Cph  k4  Cph ð4ÞðrconeÞ ¼ dCconedt ¼ k2  Cph  k3  CconeðrcolÞ ¼ dCcoldt ¼ k3  Ccone þ k4  Cpht ¼ 0; C4-cp ¼ C0; Cph ¼ 0; Ccone ¼ 0; Ccol ¼ 0;
In Table 3, the values of the rate constants for the sample 5 of Rh
nanoparticles are collected. As can be seen, k1 and k2 increase with
temperature, whereas k3 and k4, associated to the production of
cyclohexanol, do not show any signiﬁcant change with tempera-
ture within the 15 C range tested. Fig. 12, as representative exam-
ple, shows the validation of the rate curves of Rh sample 5.
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Fig. 14. 4-CP conversion versus time for the 3 cycles using Rh sample 6.
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Two different stability tests have been performed in the current
work using Rh sample 6 as catalysts. The ﬁrst one was a 60 h-long
reaction, with the objective of improving the knowledge on the
hydrogenation ability of the Rh NPs, once all the 4-CP and phenol
were converted. The other one consisted in the successive addition
of two pulse of highly concentrated 4-CP solution (3 mL,
5000 mg L1) to achieve the initial 4-CP concentration, once all
the 4-CP is converted, thus completing three reaction cycles.
Fig. 13 shows the concentration of 4-CP and by-products versus
reaction time. After the complete 4-CP and phenol conversion in
2 h, the hydrogenation of cyclohexanone led to obtain cyclohexa-
nol. Cyclohexanone reduction is not completed in 60 h, although
progressive conversion of cyclohexanone to cyclohexanol is ob-
served. These results support the reaction mechanism proposed
in this work where the hydrogenation of cyclohexanone can lead
to obtain cyclohexanol, in contrast to other reaction mechanisms
proposed for Rh-supported catalysts [11].
Fig. 14 shows the 4-CP conversion versus time for the three
pulses. As can be observed, the complete HDC is obtained before
240 min reaction in all the cases, but as the number of cycle in-
creased, the complete conversion is delayed up to 120 and
210 min for the cycle #2 and cycle #3, respectively, when it is com-
pared to the cycle #1 (60 min). Moreover, the activity signiﬁcantly
decreased to 10.4 mmol g1 min1 and 6.4 mmol g1 min1, for the
cycle #2 and cycle #3, respectively, in comparison with the cycle
#1 (22.4 mmol g1 min1). The fall in activity as the number of cy-
cles increased, could also be explained by the competition betweenthe substrates for the active sites as the concentrations of by-prod-
ucts increased with time. Thus, phenol and cyclohexanone can
compete with 4-CP for the active sites, diminishing the activity.
Likewise, other causes such as loss of catalyst with samples (13%
at the end of three cycles), the high concentration of chlorine in
the medium or changes in the structure of the nanoparticles as
reaction time increased, could be related to the loss of activity.4. Conclusions
Rh nanoparticles were synthesized and used as catalysts in
aqueous phase 4-CP HDC at mild conditions (303–318 K, 1 atm.).
The load of PVP and the concentration of methanol affected to par-
ticle size and Rh oxidation state. The Rh nanoparticles showed high
activity for 4-CP HDC equivalent to that previously obtained for Pd
nanoparticles, in spite of the fact that in the case of supported cat-
alysts Rh has generally been reported less active than Pd. The size
and the oxidation state of the Rh nanoparticles showed a signiﬁ-
cant inﬂuence on the activity, which increased as size decreased
up to a maximum at 2.8 nm. A high dependence between the activ-
ity and the Rhn+/Rh0 ratio was found. Increasing the relative
amount of zero-valent Rh, increased the activity. Such speciﬁc
inﬂuence of zero-valent Rh in aqueous phase HDC of 4-CP had
not been reported before. Regression equations were developed
in order to acquire a better understanding on the differences of
selectivity to cyclohexanone and cyclohexanol found with the dif-
ferent Rh nanoparticles samples. The crossed inﬂuence of particle
size and Rhn+/Rh0 ratio was the only signiﬁcant effect in those
equations predicting selectivity at different times. On the basis of
the experimental curves of products distribution upon reaction
time a reaction scheme has been proposed and a kinetic model
was derived from it.
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